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HIGHLIGHTS 


►  The  effects  of  N-doped  groups  are 
more  pronounced  in  acids  than  in 
alkaline  media. 

►  Pseudocapacitance  from  pyridinic-/ 
pyrrolic-N  is  observed  negative  to 
0.6  V  in  acids. 

►  Nitrogen-doped  groups  contribute 
higher  Cdi  in  H2S04  compared  to 
that  in  KOH. 

►  N-RGO  as  anodes  in  both  acidic  and 
alkaline  media  results  in  high 
specific  energy. 
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Nitrogen-doped  reduced  graphene  oxide  (N-RGO)  and  reduced  graphene  oxide  (RGO)  have  been 
synthesized  by  microwave-assisted  hydrothermal  method  to  discern  the  actual  contribution  of  nitrogen- 
containing  functional  groups  on  the  specific  capacitance  (Cs,t)  in  acidic  and  alkaline  electrolytes.  Material 
characterization  reveals  similar  porosity,  electrolyte-accessible  surface  area,  element  composition,  and 
graphitic  crystallinity  between  N-RGO  and  RGO  except  the  difference  in  the  nitrogen  content.  In  1  M  H2SO4, 
additional  pseudocapacitance  provided  by  pyridinic-N  and  pyrrolic-N/pyridone-N  is  clearly  observed  at 
the  potential  negative  to  0.6  V  (vs.  RHE)  while  this  contribution  in  pseudocapacitance  diminishes  in  1  M 
KOH  due  to  the  lack  of  proton  in  the  electrolyte  for  these  basic  functional  groups  to  undergo  redox  reac¬ 
tions.  The  double-layer  capacitance  of  N-RGO  in  1  M  H2SO4  in  higher  than  that  in  1  M  KOH  owing  to  the 
presence  of  N-containing  functional  groups  which  increase  the  electronic  charge  density  of  graphene  and 
favor  proton  adsorption  in  the  acidic  electrolyte.  The  contribution  of  nitrogen-containing  functional  groups 
on  Cs,t  in  acidic  media  is  more  pronounced  than  that  in  the  alkaline  electrolyte.  This  finding  is  crucial  for  the 
future  application  of  N-doped  carbons  in  supercapacitors  to  achieve  full  utilization. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Recently,  N-doped  carbon  materials,  such  as  N-doped  porous 
carbons  [1—5],  N-doped  nonporous  carbons  [6],  N-doped  carbon 
nanotubes  [7,8],  N-doped  graphene  [9],  etc.,  have  been  widely 
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investigated  for  the  application  of  electric  double  layer  capacitors 
(EDLCs).  Previous  study  indicated  that  four  forms  of  nitrogen- 
containing  functional  groups  appear  on  the  N-doped  carbon 
materials  and  enhance  the  capacitive  performances,  which 
are  pyridinic-N  (398.5  eV),  pyrrolic-N/pyridone-N  (400  eV), 
quaternary-N  (401.2  eV),  and  pyridine-N-oxide  (403  eV)  [1,4,10], 
Pyridinic-N  and  pyrrolic-N/pyridone-N  are  believed  to  provide 
pseudocapacitance  through  the  redox  reactions  involving  protons, 
similar  to  that  of  the  quinone  functional  group  [6,7,9,11],  Mean¬ 
while,  the  presence  of  quaternary-N  and  pyridine-N-oxide  has  been 
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proposed  to  enhance  the  electron  transport  through  the  carbon 
materials  and  therefore  maintain  the  superior  capacitance  reten¬ 
tion  during  the  fast  charge/discharge  process.  Both  phenomena 
have  been  confirmed  by  the  experimental  results  and  the  correla¬ 
tions  between  Cs.t  and  the  contents  of  different  nitrogen- 
containing  functional  groups  were  established  [1,10].  Therefore, 
nitrogen-containing  functional  groups  are  believed  to  provide 
pseudocapacitance  (i.e.,  higher  Cs.t)  and  enhance  the  electronic 
conductivity  of  the  carbon  materials  in  comparison  with  the  non- 
doped  ones. 

Unfortunately,  few  efforts  have  been  made  to  discern  the  actual 
contribution  of  nitrogen-containing  functional  groups  on  the 
capacitive  performances  between  N-doped  and  non-doped  carbon 
materials  based  on  the  same  material  characteristics  (e.g.,  porosity, 
surface  area,  graphitic  crystallinity,  etc.).  For  example,  the  virtue  of 
nitrogen-containing  functional  groups  in  electrolytes  with  different 
pH  values,  the  effectiveness  in  the  suitable  potential  range,  and 
the  charge/discharge  efficiency  in  a  two-electrode  system,  etc.,  still 
remain  unclear.  How  to  effectively  utilize  the  nitrogen-containing 
functional  groups  in  correct  potential  regions  and  desired  media 
for  the  future  application  of  supercapacitors  is  an  interesting 
research  topic.  Thus,  the  purpose  of  this  work  is  to  synthesize  N- 
doped  and  non-doped  reduced  graphene  oxides  (denoted  as  N-RGO 
and  RGO,  respectively)  with  similar  material  characteristics  in 
order  to  evaluate  the  actual  contribution  of  nitrogen-containing 
functional  groups  from  systematic  comparisons  between  these 
two  materials  through  electrochemical  analyses. 

In  fabricating  N-doped  and  non-doped  carbon  materials, 
common  preparation  methods  such  as  with/without  the  ammox- 
idation  of  certain  carbon  materials  [8,12,13]  and  the  thermal  treat¬ 
ment  of  nitrogen-containing  precursor/normal  carbon  precursors 
[2,14-16]  have  been  reported.  However,  the  high  temperature 
treatment  usually  increases  the  difficulty  in  controlling  the  porosity, 
the  oxygen  content,  and  the  graphitic  crystallinity.  Especially,  the 
difference  in  the  oxygen  content  makes  it  difficult  to  discern  the 
contributions  of  nitrogen-containing  functional  groups  from  the 
oxygen-containing  functional  groups  on  the  capacitive  perfor¬ 
mance.  Accordingly,  the  microwave-assisted  hydrothermal  method 
is  employed  to  synthesize  N-RGO  and  RGO  in  order  to  meet  the 
requirement  for  a  fair  comparison. 

In  our  previous  work  [17—19],  the  microwave-assisted  hydro- 
thermal  route  could  directly  remove  the  oxygen-containing  func¬ 
tional  groups  without  restoring  the  defects  on  the  graphene  sheets 
in  reducing  graphene  oxide  (GO,  the  precursor  of  RGO  and  N-RGO). 
Therefore,  similarity  in  the  porosity,  the  oxygen  content,  and  the 
degree  of  graphitic  crystallinity  for  RGO  and  N-RGO  is  expected  to 
be  obtained  when  the  nitrogen-containing  molecules  (i.e.,  urea) 
react  with  GO  to  obtain  N-RGO  through  the  simultaneous  incor¬ 
poration  of  nitrogen  atoms  into  graphene  sheets  during  the 
reduction  of  GO.  The  materials  characterization,  including  the 
nitrogen  adsorption/desorption  isotherms,  transmission  electron 
microscopic  (TEM),  X-ray  photoelectron  spectroscopic  (XPS), 
Raman  spectroscopic  analyses,  are  used  to  examine  the  material 
similarity  between  RGO  and  N-RGO. 

2.  Experimental 

2.1.  Preparation  of  reduced  graphene  oxide  and  N-doped  reduced 
graphene  oxide 

Nanographite  platelets  (N008-100-N,  Angstron  Materials  Co., 
USA)  with  ca.  100  nm  in  thickness  were  used  as  the  raw  material  to 
prepare  graphene  oxide  (GO).  The  preparation  of  GO  solutions 
(ca.  1  mg  mL-1)  followed  the  modified  Hummers’  method  with 
supersonic  exfoliation  [20,21],  Then,  a  10-mL  GO  solution  was  well 


mixed  with  a  10-mL  urea  solution  (2  mg  mL-1)  to  obtain  the 
precursor  solution  for  preparing  N-RGO.  The  precursor  solution 
was  subject  to  microwave-assisted  hydrothermal  heating  from 
room  temperature  to  190  °C  and  kept  at  this  temperature  with  an 
air-flow  cooling  for  10  min  at  a  constant  power  of 200  W  (i.e.,  under 
the  PowerMax  mode)  in  a  microwave  reactor  (CEM,  USA).  Reduced 
graphene  oxide  was  synthesized  via  the  same  microwave-assisted 
hydrothermal  procedure  except  that  the  GO  solution  was  mixed 
with  10  mL  deionized  water  before  subject  to  the  microwave- 
assisted  hydrothermal  heating. 

2.2.  Material  characterization 

The  transmission  electron  microscopic  (TEM)  images  of  RGO 
and  N-RGO  were  obtained  by  JEM-2010  (JEOL,  Japan).  The  XPS 
measurements  were  performed  on  the  PHI  Quantera  SXM  (ULVAC- 
PHI,  Japan)  which  employed  Al  monochromator  irradiation  as  the 
photosource.  Raman  spectra  were  recorded  on  Lab  RAM  HR  (Hor- 
oba,  France)  equipped  with  a  HeNe  laser  source  (wavelength: 
633  nm).  The  N2  adsorption/desorption  isotherms  were  measured 
at  77  K  using  the  NOVA  4200e  (Quantachrome®,  USA),  which 
equipped  with  an  automated  surface  area  and  pore  size  analyzer. 
Before  measuring  the  N2  adsorption/desorption  isotherms,  samples 
were  degassed  at  200  °C  for  12  h. 

2.3.  Electrochemical  measurements 

The  electrochemical  responses  of  RGO  and  N-RGO  were  inves¬ 
tigated  by  CHI  633C  (CH  Instruments,  USA)  in  both  three-electrode 
and  two-electrode  modes.  Under  the  three-electrode  mode, 
a  Ag/AgCl  electrode  (Argenthal,  3  M  KC1,  0.207  V  vs.  standard 
hydrogen  electrode  at  25  °C)  was  used  as  the  reference  electrode, 
and  a  platinum  wire  was  employed  as  the  counter  electrode. 
A  Luggin  capillary  was  used  to  minimize  errors  due  to  ohmic 
potential  (iR)  drop  in  the  electrolyte.  The  two-electrode  systems 
were  designed  for  measuring  the  energy  and  power  densities  of 
a  single  cell  of  the  symmetric  form  (i.e.,  N-RGO/N-RGO  or  RGO / 
RGO)  in  the  acidic  electrolyte  and  the  asymmetric  type  (N-RGO/Ni- 
Co  hydroxide  or  RGO/Ni-Co  hydroxide)  in  the  alkaline  electrolyte. 

The  material  for  the  working  electrode  was  a  mixture  consisting 
of  N-RGO  (or  RGO)  and  polyvinylidene  fluoride  (PVDF)  in  the 
weight  ratio  of  10:1.  The  mixture  (ca.  0.5  mg)  was  homogeneously 
suspended  in  N-methyl-2-pyrrolidone  and  coated  on  a  graphite 
substrate  with  an  exposed  surface  area  of  1  cm2.  For  the  single  cell 
of  the  asymmetric  design  in  the  alkaline  medium,  Ni— Co  hydrox¬ 
ides  with  a  similar  voltammetric  charge  to  that  of  a  0.5-mg  N-RGO 
(or  RGO)  were  employed  as  the  positive  material,  which  were 
prepared  by  electrochemical  deposition.  The  electrolytes  for  eval¬ 
uating  the  capacitive  performances  were  1  M  H2S04  and  1  M  KOH. 
For  convenient  comparisons,  all  electrode  potentials  reported  in 
this  work  are  related  to  a  reversible  hydrogen  electrode  (RHE). 

The  specific  capacitance  (Cs,t)  of  RGO  and  NGRO  measured 
under  the  three-electrode  mode  was  estimated  from  the  cyclic 
voltammograms  (CVs)  based  on  the  following  equations: 

[  i( dV/v)  [  idt 

s  AVm  $Vm  A  Vm  w 

(2) 

where  Cs.t  is  the  average  specific  gravimetric  capacitance  (F  g-1) 
obtained  from  positive  (Cs.a)  and  negative  (Cs.c)  sweeps.  Q.in  equa¬ 
tion  (1 )  is  the  voltammetric  charge  in  one  sweep,  AV  is  the  potential 
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window  (i.e.,  1.1  V),  m  is  the  mass  (g)  of  the  sample  being  coated  on 
the  graphite  electrode,  v  is  the  scan  rate  (V  s_1).  For  the  two- 
electrode  mode,  the  specific  capacitance  was  measured  from  the 
galvanostatic  charge/discharge  curves  on  the  basis  of  equation  (3): 

r  _  Q.  _  ft 

CsT  ~  AVm  ~  AV  m  (3) 

where  I  (A),  t  (s),  and  Q  represent  the  discharge  current,  discharge 
time,  and  the  charge  obtained  from  the  discharge  of  the  two- 
electrode  cell.  Here  mass  is  the  total  mass  of  both  electrodes. 
Therefore  the  specific  energy  density  (SE,  W  h  kg-1)  and  the 
specific  power  density  (SP,  W  kg-1)  can  be  obtained  from  equations 
(4)  and  (5): 


SE 


CSjT(A1/)2  1000 
2  X  3600 


(4) 


(5) 


3.  Results  and  discussion 

3.1.  Material  characterization 

To  ensure  that  the  only  difference  between  RGO  and  N-RGO  is 
the  nitrogen  doping  degree,  the  morphology,  the  contents  of 
surface  functional  groups,  and  the  degree  of  graphitic  crystallinity 
of  both  graphene  materials  were  carefully  examined  by  utilizing 
various  analytical  techniques.  From  the  TEM  images  shown  in 
Fig.  1A  and  B,  typical  sheet-like  structures  with  crumples  are  found 
for  both  RGO  and  N-RGO.  The  GO  in  the  precursor  solution  prepared 
from  the  modified  Hummers’  method  demonstrates  isolated 
single-layer  GO  nanosheets  with  the  thickness  of  ca.  0.74  nm  (see 
our  previous  work  [22]).  However,  the  microwave-assisted  hydro- 
thermal  treatment  effectively  removes  the  surface  oxygen- 
containing  functional  groups,  leading  to  the  restacking  and  crum¬ 
pling  of  RGO  nanosheets.  Thus,  RGO  is  of  the  multi-layered  struc¬ 
ture  instead  of  an  individual  single-layered  nanosheet.  Note  that 
relatively  smaller  crumpled  pieces  of  nanosheets  are  observed  for 
N-RGO  due  to  the  additional  interactions  between  GO  nanosheets 
and  urea  molecules  under  the  hydrothermal  environment.  There¬ 
fore,  the  N2  adsorption/desorption  isotherm  analysis  (data  not 
shown  here)  indicates  a  lower  specific  surface  area  (Sbet)  value  of 
N-RGO  (355  m2  g-1)  in  comparison  with  RGO  (482  m2  g-1). 
Nevertheless,  the  electrolyte-accessible  surface  area  of  N-RGO  and 
RGO  is  pretty  similar,  which  will  be  discussed  in  Section  3.2. 

Besides  the  morphology  characterization,  XPS  analysis  was 
employed  to  unravel  the  composition  of  elements  for  RGO  and 
N-RGO  (see  Fig.  2  and  Table  1).  Similar  contents  of  carbon  and 
oxygen  elements  were  found.  The  content  of  oxygen  decreases 
significantly  from  32.7  at%  for  GO  to  ca.  13—16  at%  for  both  RGO  and 
N-RGO  due  to  the  removal  of  surface  oxygen-containing  functional 
groups  via  the  microwave-assisted  hydrothermal  treatment 
[17,19,23],  From  a  comparison  of  the  XPS  data  of  RGO  and  N-RGO, 
about  3.0  at%  oxygen  on  RGO  has  been  replaced  by  nitrogen  to  form 
the  N-RGO  through  the  simultaneous  reduction  and  nitrogen 
doping  of  GO  under  the  microwave-assisted  hydrothermal  envi¬ 
ronment  and  therefore  the  nitrogen  content  on  N-RGO  is  3.0  at%. 
Since  the  microwave-assisted  hydrothermal  treatment  is  a  rela¬ 
tively  low-temperature  process  (190  °C),  the  reaction  between  the 
surface  functional  groups  on  GO  nanosheets  and  urea  mainly 
results  in  the  incorporation  of  nitrogen  atoms  to  the  peripheral 
graphitic  structure  of  graphene,  leading  to  the  formation  of 


pyridinic-N  (N-6)  and  pyrrolic-N/pyridone-N  (N-5)  structures 
(Fig.  2).  Because  the  quatemary-N  (N-Q)  is  more  likely  to  appear  at 
the  temperature  above  750  °C  via  a  thermal  process  in  vacuum 
[24-26],  its  content  is  much  lower.  Different  types  of  nitrogen- 
containing  functional  groups  are  deconvolved  from  the  XPS 
spectrum  of  N-RGO  in  Fig.  2  (N-6:  398.5  eV,  N-5:  400  eV,  N-Q: 
401.2  eV,  and  N-X:  403  eV  [1,4,10])  and  their  contents  are 
summarized  in  Table  1.  In  addition,  the  chemical  form  of  oxygen- 
containing  functional  groups  is  also  deconvoluted  from  the  XPS 
core-level  spectra  of  O  1  s  (data  not  shown  here)  and  summarized  in 
Table  1.  Three  types  of  oxygen-containing  functional  groups  are 
found  in  RGO  and  N-RGO:  quinone-type  group  (C=0,  531  eV), 
phenol  group  and  ester  group  (C— OH  and  O— C— O,  532  eV),  and 
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spectrum;  the  green  4,  pink  •,  and  purple  A  lines  correspond  to  pyridinic  nitrogen 
(N-6),  pyrrolic  nitrogen/pyridone  nitrogen  (N-5),  and  quaternary  nitrogen  (N-Q), 
respectively  (For  interpretation  of  the  references  to  colour  in  this  figure  legend,  the 
reader  is  referred  to  the  web  version  of  this  article.). 


carboxylic  group  and  chemisorbed  oxygen  (COOH,  535  eV)  [1,10]. 
According  to  previous  study  [1,27-31],  quinone-type  groups 
provide  pseudo-capacitance  through  Faradaic  redox  reactions  (see 
equation  (6))  whereas  the  other  two  types  of  functional  groups  are 
not  electrochemically  active.  The  redox  reaction  of  quinone  is  pH- 
dependant.  More  pronounced  pseudocapacitance  can  be  obtained 
from  the  redox  reaction  when  pH  values  of  the  electrolyte  are  lower 
than  3.0  (i.e.,  sufficient  amount  of  proton  in  the  solution)  [28], 


O  O  OH  OH 


(6) 

Since  the  amount  of  electrochemically  active  quinone-type  group 
for  RGO  and  N-RGO  is  almost  the  same,  the  pseudocapacitance 
contribution  from  the  overall  oxygen-containing  functional  groups 
for  RGO  and  N-RGO  is  expected  to  be  the  same.  Therefore,  despite 
slight  difference  observed  in  the  oxygen  content  between  RGO  and 
N-RGO,  only  the  variation  in  the  nitrogen  content  should  be 
responsible  for  the  difference  in  the  capacitive  performances. 

In  addition  to  the  morphology  and  the  content  of  surface 
functional  groups,  the  graphitic  crystallinity  of  RGO  and  N-RGO  was 
examined  by  the  Raman  spectra  shown  in  Fig.  3.  The  spectrum  of 
GO  is  also  added  for  a  comparison  purpose.  Both  D  band  and  G  band 
around  1335  cm-1  and  1590  cm-1,  respectively,  are  visible  on  GO, 
RGO,  and  N-RGO  [32],  The  intensity  ratio  of  D  band  to  G  band  (JD//C) 
is  1.15  for  both  GO  and  RGO  whereas  the  ratio  is  slightly  higher  for 
N-RGO  (JD//G  =  1.25).  The  slightly  higher  intensity  of  D  band  should 


Raman  shift/  cm-1 

Fig.  3.  Raman  spectra  of  GO,  RGO,  and  N-RGO  obtained  at  633  nm  excitation. 

result  from  the  additional  defects  introduced  by  the  N-doping 
structures.  The  quite  similar  intensity  ratio  for  the  three  materials  is 
ascribed  to  the  reduction  mechanism  of  GO  via  the  microwave- 
assisted  hydrothermal  method  which  simply  removes  the  surface 
oxygen-containing  functional  groups  without  restoring  the  defects 
existing  on  the  graphene  sheets.  Therefore,  no  significant  difference 
is  found  in  the  Raman  spectra  between  GO,  RGO,  and  N-RGO,  which 
is  in  agreement  with  our  previous  work  [17],  The  similar  graphitic 
crystallinity  of  RGO  and  N-RGO  indicates  that  the  two  materials 
should  exhibit  similar  electronic  conductivity. 

To  sum  up,  the  material  characterization  confirms  that  RGO  and 
N-RGO  synthesized  by  means  of  the  microwave-assisted  hydro- 
thermal  method  display  very  similar  morphology,  electrolyte- 
accessible  surface  area,  and  electronic  conductivity,  except  the 
presence  of  nitrogen-containing  functional  groups  in  N-RGO. 
Accordingly,  RGO  and  N-RGO  are  desired  materials  for  discerning 
the  actual  contribution  of  N  doping  on  the  capacitive  performances 
of  carbon  materials  for  EDLCs. 

3.2.  Electrochemical  characteristics  of  RGO  and  N-RGO  in  H2SO4 

Typical  cyclic  voltammograms  (CVs)  of  RGO  and  N-RGO 
measured  at  25  mV  s-1  in  1  M  H2S04  are  shown  in  Fig.  4A.  On  the 
positive  sweep  of  curve  1  for  RGO,  the  voltammetric  current 
density  gradually  increases  with  the  positive  shift  in  the  electrode 
potential  and  reaches  a  maximum  at  ca.  0.6  V.  Then,  a  constant- 
current  response  is  found  at  potentials  positive  than  0.8  V,  attrib¬ 
utable  to  the  double-layer  response  [33].  In  addition,  the  broad  but 
symmetric  redox  peaks  on  the  positive  and  negative  sweeps  of 
curve  1  have  been  attributed  to  the  combined  contribution  of  the 
double-layer  and  Faradaic  redox  capacitances  [28,33],  Due  to  the 
symmetric  i-E  responses  of  curve  1,  RGO  is  an  ideal  electrode 
material  of  supercapacitors  employing  aqueous  acidic  electrolytes. 
From  a  comparison  of  curve  1  and  2,  two  features  have  to  be 
mentioned.  First,  the  voltammetric  current  densities  of  RGO  and 
N-RGO  at  potentials  positive  than  0.6  V  are  quite  close,  indicating 
the  similar  double  layer  responses  for  RGO  and  N-RGO  although  the 
specific  surface  area  of  the  former  material  (482  m2  ')  is  higher 
than  that  of  the  latter  (355  m2  g-1).  Accordingly,  the  double-layer 


The  atomic  ratio  and  deconvolution  results  (in  at%)  of  the  N  Is  and  Ols  XPS  core-level  spectra  for  RGO  and  N-RGO. 


C(% )  N  (%)  0(%)  N-6  (%)  N-5  (%)  N-Q  (%)  C=0  (%)  C-OH.O-C-O  (%)  COOH  (%) 

RGO  840  -  16X)  -  -  -  48  74  54 

N-RGO  84.4  3.0  12.6  1.0  1.4  0.6  4.1  5.9  2.6 
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total  specific  capacitance  (Cs,t)  and  capacitance  retention  (based  on  the  value  obtained 
at  25  mV  s~’)  against  the  scan  rate  of  CV  for  RGO  and  N-RGO. 


capacitance  per  unit  surface  area  (pF  cm-2)  of  N-RGO  should  be 
higher  than  that  of  RGO.  This  phenomenon  is  attributed  to  (1)  the 
smaller  nanosheets  of  N-RGO  with  more  exposure  of  edges  (see 
TEM  images  in  Fig.  1 )  since  higher  edge/basal  orientation  ratio  leads 
to  larger  specific  double-layer  capacitance  (pF  cm-2)  [34,35]  and  (2) 
the  presence  of  nitrogen  changes  the  electronic  state  of  the  gra¬ 
phene  sheets  to  facilitate  the  adsorption  of  ions  in  the  electrolyte  to 
improve  the  specific  capacitance  [36].  Second,  significant  higher 
voltammetric  current  densities  on  curve  2  (N-RGO)  are  clearly 
visible  at  electrode  potentials  negative  to  0.6  V,  leading  to  the  larger 
total  specific  capacitance  for  N-RGO  (Cs,t  =  218  F  g-1)  compared  to 
that  of  RGO  (Cs,t  =  189.6  F  g_1).  ciearly,  the  nitrogen-doped 
functional  groups  on  N-RGO  show  a  significant  contribution  in 
Faradaic  redox  capacitance.  This  phenomenon  is  well  consistent 
with  the  XPS  results  and  the  findings  in  the  literature,  that 
pyridinic-N  and  pyrrolic-N/pyridone-N  can  provide  pseudocapaci¬ 
tance  through  the  redox  reactions  involving  protons  [3,6,7,9,11,37], 
From  the  literature,  the  possible  redox  reactions  are  simply 
expressed  as  follows: 

For  pyridinic-N  [7,11]: 


H 


For  pyrrolic-N  [3,11]: 


For  pyridone-N  [37]: 


(9) 


All  the  above  redox  reactions  involve  proton  (or  H20/0H-) 
exchange  during  the  redox  transitions.  Based  on  the  redox  prop¬ 
erties  of  quinone-type  groups,  the  pH  range  suitable  for  the  above 
redox  reactions  should  be  different  from  one  another,  leading  to  the 
different  pseudocapacitance  values  when  N-RGO  was  measured  in 
the  acidic  and  basic  media. 

The  dependences  of  Cs.t  and  capacitance  retention  on  the  scan 
rate  of  CV  are  shown  in  Fig.  4B.  Clearly,  Csjof  both  RGO  and  N-RGO 
monotonously  decrease  with  increasing  the  scan  rate  of  CV.  The 
more  obvious  decay  in  Cs,t  on  curves  1  and  2  in  the  low-scan  rate 
region  (<100  mV  s-1)  is  attributable  to  the  relatively  slower  elec¬ 
trochemical  kinetics  of  the  redox  couples  coming  from  0-/N-con- 
taining  functional  groups  in  comparison  with  the  double-layer 
charge/discharge  responses.  From  a  comparison  of  curves  3  and  4, 
capacitance  retention  for  RGO  is  somewhat  better  than  that  of 
N-RGO  since  only  about  18%  loss  in  Cs.t  is  found  for  RGO  when  the 
scan  rate  is  increased  from  25  to  1000  mV  s-1  while  28%  loss  is 
found  for  N-RGO  under  the  same  testing  condition.  This  phenom¬ 
enon  is  reasonable  because  N-RGO  shows  higher  pseudocapaci¬ 
tance  than  that  of  RGO  from  the  CV  curves  shown  in  Fig.  4A. 

Due  to  the  similar  double-layer  current  density  between  RGO 
and  N-RGO  as  well  as  their  very  similar  material  characteristics,  the 
capacitive  performance  differences  are  attributable  to  the  presence 
of  nitrogen-containing  functional  groups.  Therefore,  it  is  possible  to 
compare  the  respective  contribution  of  pseudocapacitance  from 
RGO  and  N-RGO.  Because  of  the  relatively  slower  electrochemical 
kinetics  of  the  redox  couples  coming  from  both  O-  and  N-con- 
taining  functional  groups  compared  to  the  double-layer  process, 
Cs,t  is  proposed  to  be  partitioned  into  pseudocapacitance  and 
double-layer  capacitance  through  utilizing  the  same  procedure  in 
estimating  the  outer  electroactive  sites  of  metal  oxides  [38—40],  In 
the  partition  procedure,  the  total  voltammetric  charge,  qT,  is  given 
from  the  extrapolation  of  voltammetric  charge,  q,  to  v  =  0  from  the 
plot  of  1  jq  vs.  v1/2  (see  Fig.  5B).  The  double-layer  charge,  qai  (very 
similar  to  the  outer  voltammetric  charge,  qQ,  of  metal  oxides),  can 
be  estimated  from  the  extrapolation  of  q  to  v  =  °°  from  the  plot  of  q 
vs.  v-1/2  (see  Fig.  5A).  Accordingly,  the  pseudocapacitance  charge, 
qp,  can  be  obtained  from  the  difference  between  qj  and  qdi.  In 
addition,  Cs.t,m.  Cs.ai,  and  Cs,p  corresponding  to  the  maximum  total 
specific  capacitance,  double-layer  capacitance,  and  pseudocapaci¬ 
tance  can  be  obtained  by  dividing  the  charge  with  the  potential 
window  of  CV  (i.e.,  1.1  V  in  this  work),  which  are  summarized  in 
Table  2.  Owing  to  the  presence  of  abundant  oxygen-containing 
functional  groups,  11.3%  of  Cs.t,m  comes  from  pseudocapacitance 
for  RGO  is  shown  in  Table  2,  which  is  provided  from  the  redox 
reaction  of  the  quinone  groups  [27—30],  as  mentioned  in  Section 
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Fig.  5.  (A)  Dependence  of  q  on  v~'12  and  (B)  dependence  of  1  /q  on  v 1,2  for  RGO  and  N- 
RGO  in  1  M  H2S04. 


3.1.  The  redox  peaks  can  be  clearly  observed  in  Fig.  4A.  However,  for 
N-doped  GS,  ca.  4%  more  pseudocapacitance  is  obtained  due  to  the 
contribution  of  nitrogen-containing  functional  groups.  Since 
the  possible  redox  reactions  for  N-6  and  N-5  shown  as  equations 
(7)— (9)  generally  involve  exchange  of  protons  (or  H20/0H-),  some 
of  these  redox  reactions  may  be  favorable  in  the  acidic  electrolytes. 
Hence,  ca.  4%  more  pseudocapacitance  donated  from  N-6  and  N-5 
other  than  the  contribution  of  quinone  types  is  obtained.  Larger 
amounts  of  N-6  and  N-5  revealed  in  the  XPS  analysis  further 
confirmed  the  additional  pseudocapacitance  resulting  from  the 
contribution  of  these  functional  groups.  Since  the  functional  groups 
on  graphene  cannot  undergo  redox  reactions  thoroughly  during  the 
fast  charge/discharge  process  and  the  fact  that  N-RGO  contains 
more  functional  groups  (i.e.,  N-6  and  N-5),  more  significant 
capacitance  drop  can  be  observed  at  higher  scan  rates  compared  to 
that  of  RGO  (as  indicated  in  Fig.  4B  previously).  However,  the 
presence  of  additional  pseudocapacitance  from  N-6  and  N-5  still 


Summary  of  maximum  total  specific  capacitance  (Cs,t,m),  double-layer  capacitance 
(Cdi),  and  pseudocapacitance  (Cp)  for  RGO  and  N-RGO  from  the  plots  of  q  vs.  v~1/2  and 
1/qvs.v1'2. 


Electrolyte  Sample  Cs,t,m  (F  gf 1 ) 

1  M  H2S04  RGO  193.4 

N-RGO  233.1 


Cdi(Fg-')  CpCFg-1)  Cp/Cs,t,mTO 
171.6  21.8  11.3 

198.1  35  15 


1  M  KOH  RGO  206.6 
N-RGO  185.5 


184.7  21.9  10.6 

161.9  23.6  12.7 


contributes  to  the  higher  total  specific  capacitance  for  N-RGO  at  all 

The  Ragone  plots  of  N-RGO  and  RGO  are  shown  in  Fig.  6 
meanwhile  the  results  of  activated  carbon  (AC)  and  carbon  nano¬ 
tubes  (CNTs)  are  also  attached  for  comparison.  The  good  electrical 
conductivity  of  these  carbon  materials  renders  themselves  high 
specific  power  (SP)  near  or  more  than  10  kW  kg-1.  However,  the 
specific  energy  (SE)  varies  a  lot  within  these  materials.  Low  SE  is 
found  for  AC  (1.8  W  h  kg-1)  and  CNT  (0.4  W  h  kg-1)  due  to  their 
small  specific  capacitance.  But  SE  for  N-RGO  and  RGO  is 
8.4  W  h  kg-1  and  6  W  h  kg-1,  respectively.  Higher  SE  is  obtained  for 
N-RGO  owing  to  the  incorporation  of  nitrogen-containing  func¬ 
tional  groups,  i.e.,  N-6  and  N-5,  which  provides  more  pseudoca¬ 
pacitance  to  increase  the  SE  of  the  system.  The  result  indicates  that 
N-doping  on  the  carbon  material  with  higher  total  specific  capac¬ 
itance  shows  great  potential  as  the  electrode  materials  of  EDLCs 
when  operating  in  the  acidic  electrolytes. 

In  the  acidic  electrolyte,  the  presence  of  nitrogen-containing 
functional  groups  not  only  provides  more  pseudocapacitance,  but 
also  enhances  the  double  layer  capacitance.  As  shown  in  Table  2, 
the  double  layer  capacitance  of  N-RGO  is  higher  than  that  of  RGO, 
which  may  be  ascribed  to  the  change  in  surface  charge  due  to  the 
presence  of  more  basic  nitrogen-containing  functional  groups.  For 
RGO,  only  oxygen-containing  functional  groups  exist  on  the  surface 
of  graphene.  The  amount  of  acidic  groups,  such  as  carboxylic  groups 
or  lactones,  are  usually  more  than  that  of  basic  and  neutral  groups 
(such  as  phenols,  ethers,  and  carbonyls)  [30],  which  constitutes  the 
acidic  surface  nature  of  RGO  [1,10],  On  the  other  hand,  introducing 
nitrogen-containing  functional  groups  makes  the  surface  more 
basic,  especially  for  the  carbons  with  high  contents  of  N-6  and  N-5 
groups  [1,10].  This  enhanced  basicity  of  N-RGO  increases  the  elec¬ 
tronic  charge  density  of  graphene  and  favors  the  proton  adsorption 
in  the  acidic  electrolyte  [27,29,41,42],  Consequently,  the  incorpo¬ 
ration  of  nitrogen-containing  functional  groups  shows  beneficial 
effects  on  the  capacitive  performance  in  the  acidic  electrolyte;  they 
not  only  provide  pseudocapacitance  through  redox  reactions  but 
also  change  the  surface  charge  to  enhance  double-layer  capaci¬ 
tance.  Therefore,  N-doping  on  carbon  materials  is  promising  for  an 
EDLC  when  operating  in  the  acidic  electrolyte. 

3.3.  Electrochemical  characteristics  of  RGO  and  N-RGO  in  KOH 

Fig.  7A  shows  the  CVs  of  N-RGO  and  RGO  in  1  M  KOH.  Contrary 
to  the  CVs  obtained  in  1  M  H2SO4,  the  current  response  of  N-RGO  is 


(CNTs)  obtained  in  1  M  H2S04. 
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specific  capacitance  (Cs,t)  and  capacitance  retention  (based  on  the  value  obtained  at 
25  mV  s~')  against  the  scan  rate  of  CV  for  RGO  and  N-RGO. 


\rm!  (mV  s1)-1'2 


N-RGO  in  1  M  KOH. 


smaller  than  that  of  RGO  in  1  M  KOH.  The  specific  capacitance  of 
N-RGO  and  RGO  is  181.8  and  201.3  F  g_1,  respectively.  Again,  the 
maximum  total  specific  capacitance  (Cs.t.m  extrapolated  at  the  scan 
rate  =  0  mV  s-1)  can  be  partitioned  into  pseudocapacitance  and 
double-layer  capacitance  through  the  same  procedure  employed  in 
Fig.  5  (see  Fig.  8A  and  B)  and  data  are  summarized  in  Table  2.  The 
percentage  of  pseudocapacitance  from  N-RGO  is  only  slightly 
higher  than  that  of  RGO,  which  leads  to  similar  capacitance 
retention  at  high  scan  rates  (84.6%  for  N-RGO  and  85.5%  for  RGO  at 
1000  mV  s'1),  as  shown  in  Fig.  7B.  Note  that  the  pseudocapacitance 
contribution  from  both  N-RGO  and  RGO  is  smaller  than  that  ob¬ 
tained  in  the  acidic  electrolyte.  Previous  study  indicates  that  only 
“basic”  oxygen-containing  functional  groups,  i.e.,  quinone  groups, 
contribute  to  the  pseudocapacitance  and  such  contribution  is  more 
pronounced  in  acid  than  in  alkaline  [28,43].  Since  N-RGO  contains 
more  basic  functional  groups  (i.e.,  nitrogen-containing  functional 
groups)  besides  quinone  groups,  the  contribution  of  pseudocapa¬ 
citance  should  be  more  significant  in  the  acidic  electrolyte  in 
comparison  with  the  alkaline  electrolyte.  Indeed,  the  estimated 
pseudocapacitance  for  N-RGO  in  1  M  H2SO4  is  35  F  g_1  whereas  it 
decreases  to  23.6  F  g_1  in  1  M  KOH.  The  lack  of  proton  in  the 
electrolyte  suppresses  the  redox  reactions  of  N-6  and  N-5,  which  in 
turn  leads  to  the  loss  of  pseudocapacitance.  A  similar  phenomenon 
is  expected  for  RGO  since  its  pseudocapacitance  is  contributed 
mostly  by  the  redox  reaction  of  quinone/hydroquinone  [28,43], 
However,  nearly  the  same  estimated  value  of  pseudocapacitance  in 
both  acidic  and  alkaline  electrolytes  is  obtained  for  RGO.  Although 
the  redox  reaction  for  quinone  would  be  suppressed  in  1  M  KOH, 


certain  functional  groups  such  as  protonated  pyrone  (at  least  three 
pyrone-like  groups)  which  shows  no  electrochemical  activity  in 
acids  might  exhibit  activity  in  the  alkaline  electrolyte  and  provide 
additional  pseudocapacitance  [28,44],  Consequently,  the  pseudo¬ 
capacitance  from  pyrone-like  groups  compensates  the  capacitance 
loss  from  quinone  groups,  leading  to  the  pseudocapacitance  close 
to  that  obtained  in  1  M  H2SO4. 

In  addition  to  the  decrease  in  pseudocapacitance,  N-RGO  also 
demonstrates  a  smaller  double-layer  capacitance  value  in  1  M  KOH, 
which  accounts  for  the  slightly  larger  percentage  of  pseudocapa¬ 
citance  for  N-RGO  than  that  of  RGO.  The  exact  reasons  responsible 
for  the  different  variations  in  the  double-layer  capacitance  obtained 
in  alkaline  and  acidic  electrolytes  for  RGO  and  N-RGO  are  not 
clear.  It  is  probably  due  to  the  size  of  hydrated  ions  (the  order 
of  hydrated  ions  with  respect  to  increasing  the  hydrated  ionic  size 
is:  OH"  <  K+  ~  H30+  (3.62-4.2  A)  <  SO|"  (5.33  A)  [16])  and  the 
electrostatic  interactions  between  hydrated  ions  and  carbons  as 
well  as  the  specific  adsorption  of  hydrated/partially  hydrated  ions. 
The  double-layer  capacitance  of  N-RGO  obtained  in  the  alkaline 
electrolyte  is  smaller  than  that  measured  in  the  acidic  electrolyte, 
implying  that  the  specific  adsorption  of  hydrated  ions  has  been 
suppressed,  probably  due  to  the  basic  surface  nature  of  N-RGO 
(i.e.,  an  increase  in  the  electronic  charge  density)  owing  to  the 
presence  of  nitrogen-containing  functional  groups.  In  short,  the 
results  demonstrate  that  the  influences  of  nitrogen-containing 
functional  groups  on  the  capacitive  performance  of  carbons  are 
strongly  dependent  on  pH  of  the  electrolyte  and  that  both 
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Fig.  9.  (A)  Ragone  plots  and  (B)  Coulombic  efficiency  (CE)  and  energy  efficiency  (EE)  of 
an  asymmetric  supercapacitor  consisting  of  a  nickel-cobalt  hydroxide  positive  electrode 
and  an  N-RGO  (or  RGO)  negative  electrode  in  1  M  KOH.  Symmetric  supercapacitor 
consisting  of  RGO/RGO  or  N-RGO/N-RGO  in  1  M  H2S04  is  added  in  (A)  for  comparison. 


the  pseudocapacitance  and  double-layer  capacitance  of  N-doped 
carbons  diminish  in  the  alkaline  electrolyte. 

Despite  the  slightly  inferior  capacitive  performance  of  N-RGO 
than  that  of  RGO,  N-RGO  still  exhibits  the  potential  for  the  electrode 
materials  of  ECs  in  the  asymmetric  design  in  the  alkaline  electro¬ 
lyte.  Both  N-RGO  and  RGO  are  employed  as  the  negative  electrode 
materials  in  combination  with  Ni— Co  hydroxide  as  the  positive 
electrode  to  construct  the  asymmetric  two-electrode  systems 
(denoted  as  NC/N-RGO  and  NC/RGO,  respectively).  The  Ragone 
plots  of  the  above  two  asymmetric  systems  are  shown  in  Fig.  9A. 
Interestingly,  both  the  utilization  of  N-RGO  and  RGO  as  the  negative 
electrode  demonstrates  similar  SE  and  SP.  Furthermore,  the  energy 
efficiency  for  the  NC/N-RGO  system  is  slightly  higher  than  that  of 
the  NC/RGO  design  (see  Fig.  9B),  indicating  that  the  employment  of 
N-RGO  in  the  alkaline  electrolyte  still  shows  promising  effects. 


4.  Conclusions 

N-doped  RGO  and  RGO  with  similar  material  characteristics  yet 
different  in  the  nitrogen  content  have  been  successfully  synthe¬ 
sized  via  the  microwave-assisted  hydrothermal  method,  which  are 
the  typical  materials  for  evaluating  the  actual  contribution  of 
nitrogen-containing  functional  groups  in  acidic  and  alkaline  elec¬ 
trolytes.  The  capacitance  contribution  from  the  nitrogen- 
containing  functional  groups  is  more  significant  in  the  acidic 
electrolyte  than  in  the  alkaline  medium  due  to  the  facts  that 
protons  favor  the  redox  reactions  of  pyridinic-N  and  pyrrolic-N / 
pyridone-N  to  provide  additional  pseudocapacitance  and  the 


higher  electronic  charge  density  of  N-RGO  facilitates  ion  adsorption 
to  enhance  the  double-layer  capacitance.  Despite  the  capacitive 
performance  of  N-doped  GS  in  alkaline  being  slightly  inferior  to 
that  in  acid,  this  material  employed  as  the  negative  electrode  in  an 
asymmetric  EC  shows  more  positive  effects  in  comparison  with 
RGO,  indicating  the  promising  potential  of  N-doping  for  carbon- 
based  electrode  materials  in  both  acidic  and  alkaline  electrolytes. 
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